Epithelial and Mesenchymal Cell Biology

The American Journal of Pathology, Vol. 171, No. 6, December 2007
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2007.070261

Loss of Partitioning-Defective-3/Isotype-Specific
Interacting Protein (Par-3/ASIP) in the Elongating
Spermatid of RA175 (IGSF4A/SynCAM)-Deficient

Mice

Eriko Fuijita,* Yuko Tanabe,*" Tomonori Hirose,*
Michel Aurrand-Lions,% Tadashi Kasahara,?
Beat A. Imhof,’ Shigeo Ohno,*

and Takashi Momoi*

From the Division of Differentiation and Development,
Department of Inberited Metabolic Disorder,* National Institute
of Neuroscience, National Center of Neurology and Psychiatry,
Tokyo, Japan; the Department of Biochemistry," Kyoritsu
University of Pharmacy, Tokyo, Japan; the Department of
Molecular Biology,* Yokobama City University Graduate School
of Medical Science, Yokobhama City University School of Medical
Science, Yokobama, Japan; and the Department of Pathology
and Immunology,’ University of Geneva, Geneva, Switzerland

IGSF4a/RA175/SynCAM (RA175) and junctional adhe-
sion molecules (Jams) are members of the immuno-
globulin superfamily with a PDZ-binding domain at
their C termini. Deficiency of Ral175 (Ral75~'7) as
well as Jam-C deficiency (Jam-C~’7) causes the defect
of the spermatid differentiation, oligo-astheno-terato-
zoospermia. Ral75~ /" elongating spermatids fail to
mature further, whereas Jam-C~’~ round spermatids
lose cell polarity, and most of Jam-C~’~ elongated
spermatids are completely lost. RA175 and Jam-C
seem to have similar but distinct functional roles dur-
ing spermatid differentiation. Here we show that the
cell polarity protein Par-3 with PDZ domains, a bind-
ing partner of Jams, is one of the associated proteins
of the cytoplasmic region of RA175 in testis. Par-3 and
Jam-C are partly co-localized with RA175 in the elon-
gating and elongated spermatids; their distributions
overlapped with that of RA175 on the tips of the
dorsal region of the head of the elongating spermatid
(steps 9 to 12) in the wild type. In the Ra175 "/~
elongating spermatid, Par-3 was absent, and Jam-C
was absent or abnormally localized. The RA175
formed a ternary complex with Jam-C via interaction
with Par-3. The lack of the ternary complex in the
Ral75~/~ elongating spermatid may cause the defect
of the specialized adhesion structures, resulting in
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the oligo-astheno-teratozoospermia. (Am J Pathol
2007, 171:1800-1810; DOI: 10.2353/ajpath.2007.070261)

Epithelial cells have distinct apical and basolateral mem-
brane domains separated by tight junctions (TJs). Junc-
tional adhesion molecules (Jams), members of immuno-
globulin  superfamily with PDZ-binding domain, are
localized at TJs and are involved in the establishment of
epithelial cell polarity.'~® Jams associate with cell polarity
protein Par-3 [partitioning defective-3, atypical PKC
(aPKC) isotype-specific interacting protein (ASIP)]*~8 via
its C-terminal PDZ-binding domain and recruit Par-3/Par-
6/aPKC complex to nascent cell-cell contacts.®~'°

In testis, two junctional complexes form near the base
of Sertoli cells, Sertoli-Sertoli TJ and spermatid-Sertoli cell
junction. The Sertoli-Sertoli TJ divides the microenviron-
ment into the basal and adluminal compartment, whereas
the spermatid-Sertoli cell junction retains the elongated
spermatids in the invagination of Sertoli cells, which pro-
vides spermatogenic cells with essential signals and nu-
trients. Cell adhesion molecules such as Nectin-2 and
Nectin-3, Jam-C, and RA175 (IGSF4A/RA175/TSLC1/
SynCAM/SgIGSF/Necl2)'¢24 are members of the immu-
noglobulin superfamily with PDZ-binding domains, are
involved in the spermatid-Sertoli cell junction, and are
necessary for spermatid differentiation.?°-25-2°

Nectin-2 on the Sertoli cells heterophilically interacts
with Nectin-3 on the elongated spermatid, and they are
linked to the cytoskeletal structures and considered to be
involved in the ectoplasmic specialization between sper-
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matids and Sertoli cells.?>2® Nectin-2~/~ male mice dis-
play a random disorganization of the spermatozoan head
and midpiece attributable to overall disorganization of
cytoskeletal structures, but they still possess motile sper-
matozoa,?>2” whereas Nectin-3~/~ mice show only de-
fects of sperm morphogenesis.®®

In contrast with Nectins, Jam-C or RA175 deficiency
causes the loss of elongated spermatid. On the heads of
elongated spermatids, Jam-C is confined to the junc-
tional plaques specialized into adhesion structures that
anchor spermatids to the Sertoli cell epithelium.?® Jam-C
deficiency (Jam-C~/~) disrupts the cell polarity and ac-
rosome structure of round spermatid and the localization
of junctional plagues and induces almost complete loss
of elongated spermatids.®®

RA175 has a type Il PDZ-binding domain (EYFI) atits C
terminus,’®™®* which has calcium-independent, ho-
mophilic trans-cell adhesion activity, is expressed in the
developing mouse nervous system and epithelia of vari-
ous tissues, including testis.'®19:29:23:24 g showed pre-
viously that Ra?75-deficient (Ra775~'~) male mice are
infertile and show oligo-astheno-teratozoospermia; early
elongating spermatids (steps 9 to 12) are impaired and
fail to mature further.?® RA175 is an essential molecule in
forming and maintaining spermatid-Sertoli cell junction,
which is necessary for the spermatid differentiation. In
contrast with Jam-C~/~ testis, the round spermatids
(steps 1 to 8) are morphologically normal in the Ra175~/~
testis. So RA175 and Jam-C seem to have similar but
distinct functional roles during spermatid differentiation.
However, little is known how RA175-mediated spermatid-
Sertoli cell junction is formed.

To elucidate the role of the RA175 in the spermatid dif-
ferentiation, we searched for proteins that associate with the
cytoplasmic portion of RA175 by pull-down assay. Here we
found that Par-3 is one of the associated molecules of
cytoplasmic portion of RA175 and forms a ternary complex
with Jam-C and RA175 and that Ra775 deficiency alters
distribution of Jam-C and Par-3 on the elongating sperma-
tid, which causes oligo-astheno-teratozoospermia.

Materials and Methods

Plasmid Construct

cDNA fragments encoding RA175C (amino acids 402 to
456) and RA175AC (lacking C-terminus EYFI, amino ac-
ids 402 to 452) were amplified by polymerase chain
reaction (PCR) using the following primers: forward
primer for RA175C and RA175AC; 5-GGATCCAGA-
CATAAAGGTAC-3’, reverse primer for RA175C; 5'-
GGATCCCTAGATGAAGTACTC-3', reverse primer for
RA175AC; 5'-GGATCCCTATTTCTTTTCTTCGGAGTTG-
3’. PCR products were amplified by 1 cycle of 95°C for 2
minutes, 10 cycles of 95°C for 30 seconds and 62°C for
1 minute, and 1 cycle at 72°C for 7 minutes. PCR prod-
ucts were cloned into pGEM-T easy vector (Promega,
Madison, WI) and then subcloned in-frame into BamH1
site of the GST-tagged pEF-BOS3° mammalian expres-
sion vector (pEB-GST). In addition, these cDNA frag-
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ments were subcloned into the BamH1 site of pGEX-4T-3
vector (Pharmacia, Buckinghamshire, UK) and pMAL-
c2X vector (New England Biolabs, Beverly, MA) for prep-
aration of fusion protein with GST and maltose-binding
proteins (MBPs), respectively.

cDNA of SRHis-rat Par-3 (SRHis-Par-3)° and GST-rat
Par-3 PDZ fusion proteins [GST-Par-3-PDZ (1, 2, 3)
(amino acids 237 to 708), GST-Par-3-PDZ (1, 2) (amino
acids 237 to 589), GST-Par-3-PDZ (2, 3) (amino acids
402 to 708), and GST-Par-3-PDZ 2 (amino acids 402 to
589)]° and pcDNA4-mouse Jam-C®' were used for im-
munoprecipitation and pull-down experiments.

Preparation of Fusion Proteins

The purification of GST and MBP fusion proteins was
performed as described in the manufacturers’ manuals.
GST-RA175C, GST-RA175AC, GST-Par-3 (1, 2, 3), GST-
Par-3-PDZ (1, 2), GST-Par-3-PDZ (2, 3), and GST-Par-3
PDZ 2 fusion proteins were expressed in Escherichia coli
BL21 (F~, omp T, hsd S (rg~, mg ™), gal dcm; Amersham
Pharmacia Biotech, Buckinghamshire, UK). Expression
of recombinant proteins was induced by 0.5 mmol/L iso-
propyl-p-thiogalactopyranoside for 2 hours. GST fusion
proteins were isolated by glutathione Sepharose 4B
beads affinity chromatography (GE Health Care Bio-
sciences, Buckinghamshire, UK), and a part of the pro-
teins was eluted with 50 mmol/L Tris-HCI (pH 8.0)
containing 10 mmol/L glutathione. RA175C and MBP-
RA175AC fusion proteins were expressed in E. coli TB1
(New England Biolabs). MBP fusion proteins were iso-
lated by amylose resin affinity chromatography (New En-
gland Biolabs) and eluted with the buffer (20 mmol/L
Tris-HCI, 200 mmol/L NaCl, 1 mmol/L ethylenediaminetet-
raacetic acid, 1 mmol/L azide, 1 mmol/L dithiothreitol) con-
taining 10 mmol/L maltose. The GST fusion proteins and
MBP fusion protein-bound beads were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
Coomassie brilliant blue staining and used for pull-down
assay.

Pull-Down Assay
Pull-Down Assay Using Fusion Proteins

For direct binding assays, MBP-RA175C and
-RA175AC fusion proteins (2 wg) were incubated with
GST-Par-3 (2 ng)-conjugated glutathione Sepharose 4B
beads in the buffer (20 mmol/L Tris-HCI, 150 mmol/L
NaCl, 1% Triton X-100, 1 mmol/L ethylenediaminetet-
raacetic acid, 1 mmol/L dithiothreitol, the protease inhib-
itor cocktail, and 1 mmol/L phenylmethyl sulfonyl fluoride)
for 12 hours at 4°C. After beads were washed five times
with the same buffer, the bound proteins were released
from beads by 50 mmol/L Tris-HCI (pH 8.0) containing 10
mmol/L glutathione and subjected to immunoblot analy-
sis using rabbit anti-MBP (New England Biolabs) and
monoclonal mouse anti-GST (Santa Cruz Biotechnology,
Santa Cruz, CA).
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Pull-Down Assay Using Peptide-Conjugated
Sepharose Beads

Interaction between Par-3 and PDZ-binding motif of
RA175C was examined by pull-down assay using pep-
tide-conjugated beads. GST-Par-3-PDZ (1, 2, 3), GST-
Par-3-PDZ (1, 2), GST-Par-3-PDZ (2, 3), and GST-Par-3-
PDZ (2) were incubated with C-terminal peptide of RA175
(ONNSEEKKEYFI)-conjugated EAH Sepharose 4B beads
(GE Health Care) in the 50 mmol/L Tris-HCI (pH7.5) con-
taining 0.1% bovine serum albumin, 0.05 mol/L NaCl,
0.05% Triton X-100 for 6 hours at 4°C. After the beads
were washed with the same buffer, the bound proteins
were eluted by 0.1 mol/L glycine-HCI (pH 2.5) and sub-
jected to the immunoblot analysis using monoclonal
mouse anti-GST.

Pull-Down Assay for RA175C-Binding Proteins
in Testis

Testes of 12-week-old wild-type male mice were lysed
with lysis buffer (20 mmol/L Tris-HCI, pH 7.5, 150 mmol/L
NaCl, 1% Triton X-100, 1 mmol/L ethylenediaminetet-
raacetic acid, 1 mmol/L dithiothreitol, the protease inhib-
itor cocktail, and 1 mmol/L phenylmethyl sulfonyl fluo-
ride). The supernatant was incubated with GST-RA175C
and/or GST-RA175AC (2 pg)-conjugated glutathione
Sepharose 4B beads for 12 hours at 4°C. After beads
were washed five times with the buffer, the bound pro-
teins were released from beads by 50 mmol/L Tris-HCI
(pH 8.0) containing 10 mmol/L glutathione and were sub-
jected to immunoblot analysis using rabbit anti-
RA175C,'® and rabbit anti-Par-3,° rabbit anti-dJam-C,*?
and monoclonal mouse anti-GST, respectively. The
amount of tubulin in the lysates was monitored by immu-
noblot analysis using monoclonal mouse anti-tubulin
(Santa Cruz Biotechnology).

Transfection and Immunoprecipitation

Immunoprecipitation was performed as previously de-
scribed.’® COS cells were grown in a-minimum essential
medium (Sigma, St. Louis, MO) with 10% fetal bovine se-
rum, at 37°C in a humidified atmosphere of 5% CO,. pEB-
GST-RA175C (2 to 4 ng), pEB-GST-RA175AC (2 to 4 ug),
SRHis-Par-3 (3 to 4 ng), pcDNA4-Jam-C (2 ng), and vacant
vector (pcDNA4; Invitrogen, Carlsbad, CA) were co-trans-
fected in COS cells by Lipofectamine 2000 (Promega) ac-
cording to the manufacturer's specimen. COS cells were
lysed with lysis buffer. Cell lysates were clarified by centrif-
ugation at 15,000 rpm for 30 minutes. Par-3 and its associ-
ated proteins were immunoprecipitated by monoclonal
mouse anti-Omni-probe (6His) (anti-His; Santa Cruz Bio-
technology) or monoclonal mouse anti-GST. RA175, Par-3,
and Jam-C in the immunoprecipitates were detected by
immunoblot analysis using rabbit anti-RA175C, rabbit anti-
Omni-probe (6His) (anti-His; Santa Cruz Biotechnology),
and rabbit anti-Jam-C, respectively.

Immunoblot Analysis

Testes of 12-week-old Ra175™* and Ra175~/~ male
mice were lysed with buffer (20 mmol/L Tris-HCI, 150
mmol/L NaCl, 0.1% Nonidet P-40, 1 mmol/L ethylenedia-
minetetraacetic acid, 10% glycerol, 5 mmol/L MgCl,, 1
mmol/L phenylmethyl sulfonyl fluoride). After centrifuga-
tion at 15,000 rpm for 30 minutes, the cell extracts (50 ng
of protein) were subjected to sodium dodecyl! sulfate-
polyacrylamide gel (7.5 to 12%) electrophoresis and im-
munoblot analysis using rabbit anti-RA175C, rabbit anti-
Par-3, and rabbit anti-dam-C, respectively.

Immunohistochemical Staining

Testes of 10- to 12-week-old Ra175"* and Ra175~'~ male
mice were fixed in 2% paraformaldehyde in phosphate-
buffered saline (PBS) at 4°C overnight and then soaked in
30% sucrose/PBS at 4°C overnight and embedded in
Optimal Cutting Temperature (O.C.T.) compound (Sakura Fine-
tec, Torrance, CA) and frozen. Frozen sections (10 um thick)
were cut on a cryostat and attached to MAS-coated slides
(Matsunami Glass). Sections were immunostained with rab-
bit anti-Par-3, rabbit anti-Par-6B,'® rabbit anti-Jam-C, goat
anti-Jam-C (R&D Systems, Minneapolis, MN), rabbit anti-
RA175C, chick anti-SynCAM, and monoclonal rat anti-
Nectin-3 (MBL, Nagoya, Japan), rabbit anti-Tiam1, and
anti-Cdc42, monoclonal mouse anti-Cdc42 (Santa Cruz
Biotechnology), monoclonal mouse anti-PKC. (BD Bio-
science, San Jose, CA) in PBS containing 0.1% skim milk
and 0.1% Triton X-100 at 4°C for 2 days as described
previously.'® To confirm the specific immunoreactivity of
anti-Par-3, the immunostaining was performed in the
presence or absence of GST-Par-3 (amino acid 712 to
936) protein (10 pug/ml).° Alexa Fluor 488- and Alexa Fluor
568-conjugated secondary antibodies against mouse, rab-
bit, and rat IgG were purchased from Molecular Probes
(Eugene, OR). Anti-Cy3-conjugated-chicken IgY was pur-
chased from Chemicon, Temecula, CA. Acrosome structure
was detected by fluorescein isothiocyanate (FITC)-conju-
gated peanut agglutinin (PNA) (J- Oilmills) staining in place
of PAS staining. F-actin was detected by Alexa Fluor 488-
phalloidin (Molecular Probes). Nuclei were detected by
Hoechst 33342 at 37°C for 15 minutes. The reactivity was
viewed using a confocal laser-scanning microscope (CSU-
10, Yokogawa).

Conventional Reverse Transcriptase (RT)-PCR

Total RNA was prepared from testes of 12-week-old
Ra175"* and Ra175 '~ male mice by RNeasy mini kit
(Qiagen, Valencia, CA) according to the manufacturer’s
specifications. Complementary DNAs were synthesized
from total RNA (1 wg) using reverse transcriptase (Invitro-
gen, Carlsbad, CA) as described previously.>®> cDNAs
were subjected to conventional RT-PCR as described in
the manual from Perkin-Elmer using the following primers:
mouse Par-3 forward primer; 5’-CCCATGATGACGTGG-
GATTC-3', and reverse primer; 5'-GAG AACCGGATCAA-
CATCT-3’, mouse Jam-C forward primer; 5'-ACAGCTCG-
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TACAC AATGAAC-3’, and reverse primer; 5'- primer; 5'-CCACGTAACTTGATGATCGA-3’, and reverse
TACTTGCATTCGCTTCCCAG-3’, mouse RA175 forward primer; 5'-GATGAGCAAGCATAGCATGG-3’, and G3PDH
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Figure 1. The distribution of Par-3 in mouse testis. A: Interaction between RA175 and Par-3 in mouse testis shown by pull-down assay. Par-3 (150 kDa)
was detected in the testis proteins associated with RA175C by immunoblot using anti-Par-3. Input shows the amount of Par-3, Jam-C, and RA175 in the
1/10-fold volume of the cellular lysate, which was loaded for the pull-down experiment. B: Anti-Par-3 immunoreactivity in the testis. Anti-Par-3
immunoreactivity of mouse testes in the absence (left) and presence (right) of GST-Par-3 proteins. Red: anti-Par-3 immunoreactivity; green: PNA staining;
blue: Hoechst. C: Co-localization of Par-3, Jam-C, and RA175 immunoreactivity in mouse testes at steps 11 to 12 (stage XI to XID. a—d: Par-3 and RA175
immunoreactivities. Red: rabbit anti-Par-3; green: chicken anti-SynCAM. e—h: Jam-C and RA175 immunoreactivities. Red: rabbit anti-Jam-C; green: chicken
anti-SynCAM. i-l: Par-3 and Jam-C immunoreactivities. Red: rabbit anti-Par-3; green: goat anti-Jam-C; blue: Hoechst. Arrows indicate Par-3- and
RA175-positive cells (¢, d), Jam-C- and RA175-positive cells (g, h), and Par-3- and Jam-C-positive cells (k, D. d, h, and 1 are high magnifications of square
regions in ¢, g, and Kk, respectively. Scale bars: 100 um (B); 40 pm (O).
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(Toyobo, Osaka, Japan). The PCR fragments were ampli-
fied as follows: 1 cycle at 95°C for 2 minutes, 30 cycles at
98°C for 20 seconds and 62°C for 1 minute, and 1 cycle at
72°C for 10 minutes. The RT-PCR products were electro-
phoresed on 2% NuSieve agarose gels (FM Bioproducts,
Rockland, ME).

Real-Time PCR

Real-time PCR analysis was performed by Applied Bio-
systems 7500 fast real-time PCR system (Applied Biosys-
tems, Foster City, CA) using the same primer for the
conventional RT-PCR. The TagMan probes for mouse
Par-3 and Jam-C are as follows: carboxyfluorescein
(FAM)-labeled mouse Par-3 probe; 5'-TGACTCAGC-
CGACTGCTCATTGAG-3’, and FAM-labeled mouse
Jam-C probe; 5’-TATTACTGCGAAGCCCGGAACTC-3'.
VIC-labeled mouse Gapd (VIC-labeled MGD probe,
primer limited; Applied Biosystems) was used for endog-
enous control. The real-time PCR fragments were ampli-
fied as follows: 1 cycle at 95°C for 20 seconds, 60 cycles
at 95°C for 3 seconds and 60°C for 30 seconds.

Ral75 tF*
Par-3PNA

/Hoechst

Figure 2. The expression of Par-3 and Jam-C and their distribution in Ra175 /'~
testes. a, ¢, e Ral75"/ b, d, f: Ra175 "/

spermatids in Ra175"* and Ra175 "

Ral75 /-
Par-3/PNA
/Hoechst

Results

We searched for proteins with PDZ domains that associ-
ate with the cytoplasmic portion of RA175 (RA175C),
using a pull-down assay and immunoblot analysis. One of
the molecules was Par-3 (150 kDa), a major isoform in
testis,®3* which has three PDZ domains (Figure 1A). We
compared the distribution of Par-3 in testis with the dis-
tribution of PNA staining, a marker for acrosome structure
in the round and elongating spermatids.?® Anti-Par-3 im-
munoreactivity was almost undetectable in spermatogo-
nia, spermatocytes, and round spermatids but was de-
tectable in elongating and elongated spermatids (steps 9
to 16) (Figure 1B, left), and this immunostaining in the
elongating and elongated spermatids was completely
blocked in the presence of exogenous Par-3 proteins (Fig-
ure 1B, right). RA175 was localized in spermatocytes and
elongating (steps 9 to 12), and elongated spermatids (steps
13 to 16) in the testis.?® RA175 co-localized with Jam-C in
most of the elongating spermatids (Figure 1C, e-h),
whereas Par-3 partly co-localized with RA175 and Jam-C in
the elongating spermatids (Figure 1C, a-d and i-l). Their
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testis. A: Localization of Par-3 during the differentiation from round to elongated
. Merged images of spermatids stained with anti-Par-3 (red), FITC-conjugated PNA

staining (green), and Hoechst staining (blue). a and bz Steps 9 to 12 (stage IX to XID; ¢: steps 2 to 3, 14 (stage II/IID; d: steps 2 to 3, 9 to 12 (stage IX to II/IID; e and
f: steps 7 to 8, 15 to 16 (stage VID. Most of Par-3 was lacked and only small amount of Par-3 was detected in the Ra775 '~ testes. B: Localization of Jam-C on the

elongating and elongated spermatid of in Ra175"" and Ra175 ' testes. a and b: Steps 9 to 12 (stage IX to XID); c: Steps 2 to 3, 14 (stage II/11D); d: steps 2 to 3,9 t0
12 (stage IX to II/ID). C: Immunoblot analysis for Par-3 and Jam-C proteins in the extracts of Ra175"* and Ra175 '~ testis. D: Conventional RT-PCR analysi
and Jam-C mRNA. E: Real-time PCR analysis for Par-3 and Jam-C mRNA. Columns indicate relative quantification rates. Error bars indicate SD. Scale bars = 20 um.
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Figure 3. Localization of Par-6B, PKCy, Tiam1, and Nectin-3 in Ra175"" and Ra175 '~ testes. A, B, E,F,IJ, M, N: Ra175"/*,C,D, G, H,K, L, O, P: Ra175 /.
A-D: Par-6B; E-H: PKCy; I-L: Tiam1; M—P: Nectin-3. A, C, E, G, I, K, M, O: Merged images of spermatids stained with anti-Par-6B, -PKCu, -Tiam1, or -Nectin-3
(red), and FITC-conjugated PNA (green), and Hoechst staining (blue). B, D, F, H, J, L, N, P: Merged images stained with FITC-conjugated PNA (green), and
Hoechst staining (blue). Stage IX to XII. Arrowheads indicate their positive immunoreactivities of elongating spermatids. Scale bar = 20 wm.

co-localization was also partly observed in the elongated
spermatid (unpublished data). These results suggest that
they function cooperatively during spermiogenesis.
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Figure 4. The distribution of Par-3, Jam-C, Par-6B, PKCy, Tiam1, and Nectin-3
in the germ cells in the testis were summarized. The expression of Par-3,
Jam-C, Par-6B, PKCy, Tiam1, Cdc42, Nectin-3, and phalloidin reactivity were
shown by bold bars. Par-3, Par-6B, PKCt were undetectable in the elongating
spermatids (steps 9 to 12) in the Ra175 '~ testis but only small number of
their positive elongated spermatids appeared at step 13, probably because of
the abnormal differentiation caused by Ra175 deficiency. The fluorescence
intensity was measured by the fluoromicroscopy imaging system AF6000
(Leica).

We examined the expression and distribution of Par-3
inthe Ra175"/*and Ra175 /" testis (Figure 2). Immuno-
staining showed the loss of the elongated spermatids
(steps 13 to 16) expressing Par-3 in the Ra175 '~ testis
(Figure 2A). Par-3 was detected in the elongating sper-
matids (steps 9 to 12) (Figure 2Aa), abundant in the
elongated spermatids (steps 13 to 15) (Figure 2Ac), and
then decreased in the elongated spermatids (step 16)
(Figure 2Ae) inthe Ra175™/™ testis. In contrast, Par-3 was
rarely detected in the Ra775 /™ testis because of the loss
of the elongated spermatids (Figure 2A, b, d, and f) and
was absent in the elongating spermatids impaired (steps
9 to 12) (Figure 2Ab);?° most Par-3 was absent in the
Ra175 '~ testis except for the remaining small population
(Figure 2Ad), probably the abnormally differentiated
elongated spermatids before exfoliation or being phago-
cytosed.?® Jam-C was almost lost from the elongating
spermatids (steps 9 to 12; Figure 2B, a and b) and the
elongated spermatids (step 14; Figure 2B, ¢ and d) ex-
cept for a few elongating spermatids but not from the
spermatocytes of the Ra175/~ testis. Consistent with the
immunostaining data, the amounts of Par-3 and Jam-C
proteins and mMRNAs were decreased in the Ra1757/~
testis (Figure 2, C-E); Par-3 (150 kDa) prominently de-
creased in the Ra175 '~ testis. Compared with the re-
duction of Par-3, that of Jam-C protein was not remark-
able, probably attributable to the expression of Jam-C in
the spermatocytes in the Ra775 /" testis. However,
quantitative real-time PCR analysis showed ~90% reduc-
tion of Jam-C mRNA level as well as Par-3 mRNA level in
the Ra175~/ testis.

Reduction of the Par-3 in the Ra7175 '~ testis seems
not only attributable to the loss of elongated sperma-
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Figure 5. Co-localization of RA175, Par-3, Jam-C, and Nectin-3 in the elongating spermatids (step 9 to 12) of the Ra175"* testis and loss of their co-localization
in the Ra175 /" testis. A~C, G-I, M=O, S—U: Ra175"/*; D-F, J-L, P-R, V-X: Ra175 /~. A—C: Anti-RA175C; D—F, G-I, J-L: anti-Jam-C; M—O, P-R: anti-Par-3;
and S-X: anti-Nectin-3. A, D, G, J, M, P, S, V: Images of spermatids stained with antibodies (red) and Hoechst staining (blue). B, E, H, K, N, Q, T, W: Images
of spermatids stained with FITC-conjugated PNA (green), and Hoechst staining (blue). C, F, I, L, O, R, U, X: Merged images of spermatids stained with antibody
(red), FITC-conjugated PNA (green), and Hoechst staining (blue). Jam-C and Par-3 immunoreactivities (D and P) were not detected in the dorsal region of the
head of elongating spermatids except for some abnormal localization of Jam-C (J). Scale bar = 5 um.

tids but also attributable to the impairment of the elon-
gating spermatids. To make clear whether the absence
of Par-3 on the elongating spermatids (steps 9 to 12) is
closely associated with the impairment of the elongat-
ing spermatid, leading to the abnormal spermatid dif-
ferentiation and resulting in the loss of the elongated
spermatids, we examined the distributions of compo-
nents of functional cell polarity complex Par-3 such as
Par-6B, PKCy, in the Ra175%'* and Ra175~/~ elongat-
ing spermatids (steps 9 to 12) (Figure 3, A-H). Par-6B
and PKC. were present in the Ra175%" elongating
spermatids (steps 9 to 12) but most of them were
absent in the Ra175~/~ elongating spermatids (Figure
3, A-D and E-H). Tiam1, guanine nucleotide exchange
factor for the Rho-like GTPase Rac, which is known to
interact with Par-3/Par-6/aPKC complex via Par-6 and
Par-3,%° was detected in the Ra175"" and Ra175 '~
elongating spermatids (steps 9 to 12) (Figure 3, I-L).
Nectin-3 was also present in the Ra?75%" and
Ra175'~ elongating spermatids (Figure 3, M-P).
These results and the distribution of RA175, Nectin-3,
and Jam-C in the Ra175%'* and Ra175 /" testis are
summarized in Figure 4. In the Ra175~ '~ testis, the im-

munoreactivities of Jam-C, Par-6B, and PKC. as well as
Par-3 were remarkably reduced. Thus, the absence of
Par-3, Par-6B, and PKC. is closely associated with not
only the loss of the Ra175~/~ elongated spermatids
(steps 13 to 16) but also the impairment of the Ra175/~
elongating spermatids (steps 9 to 12).

To understand the relationship between RA175,
Jam-C, and Par-3 in the establishment of the adhesion
structure on the elongating spermatids, we examined
the distribution of RA175, Jam-C, and Par-3 on the
head region of the PNA-positive elongating spermatids
(steps 9 to 12) of Ra175™" and Ra175 '~ testis in
more detail (Figure 5). RA175 was detected at the tips
of the heads of Ra7175"/" elongating spermatids (Fig-
ure 5, A-C). Jam-C staining overlapped with the PNA
staining on the dorsal region of the heads of Ra175%/*
elongating spermatids (Figure 5, G-l) as described
previously,?® whereas Jam-C was absent from the
heads of most Ra175~/~ elongating spermatids (Figure
5, D-F) or localized on the tips of the abnormally elon-
gated heads of some of the Ra175~/~ elongating sper-
matids (Figure 5, J-L). In contrast to Jam-C, Nectin-3
was detected in the dorsal region of the Ra175"/*



Table 1. Expression of RA175, Par-3, Jam-C, and Nectin-3
in the Elongating Spermatids of the Ra175"™"

Testis and the Ral75 /= Testis

Elongating spermatids (steps 9 to 12)

Mouse genotype  Ral75%/* Ra1757~/~
RA175 + -
Par-3 + -
Jam-C + —/+ (abnormal shape)
Nectin-3 + +

elongating spermatids (Figure 5, S-U) and similarly
localized in the Ra175~/~ elongating spermatids (Fig-
ure 5, V=-X). Par-3 localized similarly to RA175 at the
tips of the heads of Ra7175"/*elongating spermatids
(Figure 5, M-0) but was not detected in the Ra175 /'~
elongating spermatids (Figure 5, P-R). Thus, unlike
Nectin-3, Par-3 was absent and Jam-C was absent or
abnormally localized on the Ra7175~/~ elongating sper-
matids impaired (Table 1).

We examined the region of RA175C that interacts with
Par-3 by immunoprecipitation. RA175AC, RA175 lacking
four C-terminal amino acids (EYFI), failed to interact with
Par-3 (Figure 6A). These results suggest that interaction
between RA175C and Par-3 is specifically mediated by the
binding of the EYFI-PDZ domain. Furthermore, pull-down
assay showed that MBP-RA175C directly bound with GST-
Par-3 but MBP-RA175AC did not (Figure 6B), whereas
RA175C-terminal peptide (12 amino acids) containing EYFI

A Lane 1 2 3 4 Lane 1 2 34
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Figure 6. Involvement of PDZ-binding motif in the interaction between
RA175C and Par-3. A: Immunoprecipitation analysis for interaction between
RA175C or RA175AC lacking EYFI and Par-3. pEB-GST-RA175C (left) or
PEB-GST-RA175AC (right) was co-transfected with or without SRHis-Par-3 in
COS cells. The cell lysate was immunoprecipitated by anti-His or anti-GST.
GST-RA175C or -RA175AC in the anti-His immunoprecipitates and His-Par-3
in the anti-GST immunoprecipitate were detected by immunoblot analysis
using anti-GST and anti-His, respectively. A complex of RA175C and Par-3
was detected in the immunoprecipitate, but a complex of RA175AC and Par-3
was not. B: Pull-down assay for involvement of EYFI in the direct interaction
between RA175C and Par-3. MBP-RA175C or MBP-RA175AC were incubated
with GST-Par-3 (PDZ1, 2, 3)-conjugated Sepharose beads. The bound RA175
or RA175AC was examined by immunoblot analysis using anti-MBP. C:
Pull-down assay using RA175C-terminal peptide. Left: Direct interaction
between RA175C-terminal peptide and Par-3. GST-Par-3 (1, 2, 3) was incu-
bated with Sepharose-beads (lane 1) and RA175C-terminal peptide-conju-
gated Sepharose beads (lane 2). Right: The domain of Par-3 interacting with
RA175C-terminal peptide. The GST-PDZ (1, 2) (lane 3), -PDZ (2, 3) (lane 4),
and -PDZ (2) (lane 5) were incubated with RA175C peptide-conjugated
Sepharose beads. The bound Par-3 and its domains were detected by immu-
noblot analysis using anti-GST.
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Figure 7. The ternary complex with RA175, Par-3, and Jam-C. A: Immuno-
precipitation analysis for ternary complex. pEB-GST-RA175C and pcDNA4-
Jam-C were co-transfected with or without SRHis-Par-3 into COS cells and the
complex was immunoprecipitated by anti-His or anti-GST. RA175, Par-3, and
Jam-C in the immunoprecipitate were detected by immunoblot analysis using
anti-RA175C, anti-His, and anti-Jam-C, respectively. B: Pull-down assay for
the ternary complex of RA175, Par-3, and Jam-C in mouse testis. The lysates
of the mouse testis were incubated with GST-RA175- and GST-RA175AC-
coupled Sepharose beads. The bound Par-3 and Jam-C were examined by
immunoblot analysis using anti-Par-3 and anti-Jam-C, respectively.

directly bands with Par-3 (Figure 6C). RA175C-terminal
peptide more preferentially interacted with PDZ(1, 2) than
PDZ(2, 3) or PDZ(2). Thus, RA175 directly and specifically
bound with Par-3 via EYFI-PDZ1 interaction.

To elucidate the relationship between RA175, Jam-C,
and Par-3, we examined the interactions between
RA175C, Jam-C, and Par-3 (Figure 7). RA175C inter-
acted with Par-3. RA175C also interacted with Jam-C in
the presence of Par-3 but not in the absence of Par-3
(Figure 7A). Thus, Par-3 interacted with both RA175 and
Jam-C and formed a ternary complex with them (RA175/
Par-3/Jam-C). Furthermore, both Jam-C and Par-3 were
detected in the testis proteins associated with RA175C
but not in those with RA175AC lacking EYFI (Figure 7B),
suggesting that RA175 also formed a ternary complex of
RA175/Par-3/Jam-C via EYFI in testis.

Discussion

The Distinct Roles of Cell Adhesion Molecules
during Spermatid Differentiation

Homozygous null males of Nectin-2 (Nectin-2~'~), Nec-
tin-3 (Nectin-3~'~), Jam-C~'~, and Ra175~'~ are infer-
tile,2025:27729 gyggesting that cell adhesion molecules
with PDZ-binding domains are involved in the spermatid-
Sertoli cell junction and necessary for the spermatid dif-
ferentiation. The sperm of these model mice are mal-
formed and are morphologically similar to abnormal
sperm seen in some cases of human male infertility,
suggesting that they are useful for analyzing the molec-
ular bases of these human conditions.

In the Ra175 /" testis, the elongating spermatids
(steps 9 to 12) are impaired and fail to mature further and
show oligo-astheno-teratozoospermia.?® Nectin-3 and phal-
loidin-positive F-actin normally localized on the Ra175~/~
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elongating spermatids (steps 9 to 12) (Figure 3 and see
Supplementary Figure 1, see http.//ajp.amjpathol.org), sug-
gesting that RA175 and Nectins are independently involved
in the establishment of the spermatid-Sertoli cell junction.
Thus, unlike Nectin-2~/~ and/or Nectin-3~/~ testis, disorga-
nization of cytoskeletal structure is not a cause of the im-
pairment of the elongating spermatids in the Ra175 '~
testis.

In contrast to Nectin-2='~, Nectin-3~/~, and Ra175~/~
male mice, Jam-C~/~ male mice have an almost com-
plete loss of elongated spermatids as a result of a defect
in the polarization of adhesion junctions on the round and
elongating spermatids.?® In the Ra175 '~ elongating
spermatids (steps 9 to 12), Jam-C distribution was ab-
sent or abnormal (Figures 2 and 5). Thus, these cell
adhesion molecules have similar but distinct functional
roles during spermatid differentiation. RA175 and Jam-C
seem to be functionally associated in the establishment
of the adhesion structures on the elongating spermatids.

Decrease of Par-3, a Binding Partner of Jam-C,
in the Ra175~"~ Testis

In addition to Jam-C, Par-3 was also decreased in the
Ra175~'~ testis, probably attributable to the loss of the
elongated spermatids (steps 13 to 16) expressing Par-3
and Jam-C in the Ra175 /" testis (Figures 1 and 2).
However, Par-3 and its functional Par-3/Par-6B/aPKC.
complex as well as Jam-C were absent in the Ra175~/~
elongating spermatids (steps 9 to 12) (Figures 3 and 5
and Table 1), suggesting the possibility that Ra775 defi-
ciency specifically induces the loss of Jam-C/Par-3 com-
plex on the elongating spermatids (steps 9 to 12), result-
ing in the abnormal spermatid differentiation and loss of
the elongated spermatids (steps 13 to 16).

Steps 1-8

Steps 9-12

Jam-C - PAT]J Jam-C - PATIJ

RA175 - Par-3 - Jam-C

There are two possible explanations for the absence of
Par-3 immunoreactivity on the elongating spermatids
(steps 9 to 12) of the Ra175'~ testis (Figure 5, Table 1).
Oneis that Ra775 deficiency decreases the expression of
Par-3 and Jam-C in the elongating spermatids. However,
Jam-C persists in the spermatocytes in the Ra175~/~
testis (Figure 2B), suggesting that this possibility is less
likely. The other possible explanation is that Ra775 defi-
ciency alters the localization of Par-3 in the elongating
spermatids. In the developing epithelial tissues, Par-3
shows strong immunoreactivity on the TJ but not in the
cytoplasm. Par-3 or Par-3/Par-6B/aPKC. complex that is
not associated with RA175 in the elongating spermatids
(steps 9 to 12) of the Ra175/~ testis may be labile and
sensitive to degradation or may have a conformation not
detected by the immunostaining.

RA175/Par-3/Jam-C Ternary Complex on the
Head of Elongating Spermatids

Jam-C associated with RA175C in the presence of
Par-3 (Figure 7), suggesting that they form ternary
complex of RA175/Par-3/Jam-C. Par-3 has three PDZ
domains, and RA175 and Jam-C may have the ternary
complex via binding with different PDZ binding do-
mains of Par-3.4® However, RA175 as well as Jam-C
preferentially bound with PDZ1 of Par-3* (Figure 6C)
and Par-3 forms oligomer by self-association,3® sug-
gesting that they form ternary complex via competitive
binding of RA175 and Jam-C to multiple PDZ1s of the
self-associate oligomeric Par-3.

Jam-C is confined to the junctional plaques on the
heads of round and elongating spermatids.?® The ab-
sence of Par-3 and the altered localization or lack of
Jam-C on the head of the Ra175~'~ elongating sperma-

Steps 13-15

Jam-C - PATJ
RA175 - Par-3 - Jam-C
Nectin?

Figure 8. The interaction between RA175, Jam-C, and Par-3 and scheme of a ternary complex on the elongating spermatids. Ternary complex of RA175, Jam-C,
and Par-3 on the elongating spermatids (steps 9 to 12). In the Ra175 '~ testis, Par-3 and Jam-C localization is not polarized on the elongating spermatids and
differentiation into elongated spermatids is defective (steps 13 to 15), as shown in Jam-C~’~ testes.*” PDZ-binding domain at Cterminus of RA175 plays a role
in the recruitment of Par-3 to the Jam-C localized on the surface membrane of the head region of the elongating spermatids. The functional cooperation of Jam-C,
RA175, and Par-3 on the spermatid head may be necessary for the further maturation of the elongating spermatids.



tids (Figure 5) suggests that RA175 also affects the in-
teraction between Jam-C and Par-3 on the head of the
elongating spermatids. RA175 appears to be involved in
the recruitment of Par-3 to Jam-C on the head of the
elongating spermatids to form a ternary complex of
RA175/Par-3/Jam-C (Figure 8). The Ra7175 '~ elongating
spermatids may fail to recruit Par-3/Par-6B/PKCw. complex
to the anterior part of the head, resulting in the abnormal
adhesion structures and cell junctions on the elongating
spermatids, subsequently abnormal differentiation and
loss of the elongated spermatids.

The Molecular Mechanism of the Adhesion
Structure on the Elongating Spermatid

The localization of RA175, Par-3, Par-6B, PKC., and
Jam-C on the head of the elongating spermatids sug-
gests that RA175 can play a role in the recruitment of
the Par-3/Par-6B/PKC. complex to the specialized ad-
hesion structures on the elongating spermatids (steps
9to 12) viathe RA175/Par-3/Jam-C complex (Figure 8).
We detected very weak immunoreactivity of Par-3 in
the round spermatids (Figure 1). This discrepancy be-
tween our data and the data of Gliki and colleagues®®
on the distribution of Par-3 in the round spermatids
may be attributable to the different quality of antibodies
used. However, it is possible that a tiny amount of the
ternary complex of RA175/Par-3/Jam-C may also be
present in the round spermatids and may participate in
the cell polarity of round spermatids although this com-
plex mainly functions in the elongating spermatids.

Jam-C binds to the PDZ domain of PATJ (PALS1-
associated TJ protein), a multi-PDZ domain protein,®®
which plays a central role in the recruitment of the Crb3
(Crumb-3)/PALS1 (protein associated with Lin seven 1)/
PATJ to the adhesion structures,®”° and Jam-C co-
localizes with PATJ on the round spermatids.?® Crb3/
PALS1/PATJ and Par-3/Par-6/aPKC complexes may
cooperate to form the spermatid-Sertoli cell junction on
the round and or elongating spermatids via association
with Jam-C (Figure 8). This may be one of the reasons
why the elongating spermatids are impaired in the
Ra1757' as well as the Jam-C '~ testis or why loss of
Jam-C in the Ra175~'~ and Jam-C ™/~ testis may cause
the impairment in elongating spermatids.

We conclude that RA175 is essential in forming and
maintaining elongated spermatid-Sertoli cell junction,
through its participation in a functional complex with
Jam-C and Par-3 that polarizes the cell junction on the
elongating spermatids.
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